Surface plasmon-resonance analysis using a Biacore biosensor is a powerful tool for the detailed study of biomolecular interactions. The authors examined the methods of immobilizing proteins on the surface of NTA, SA, and CM5 sensor chips to study RNA aptamer-protein interactions. RNA aptamers and their deletion variants were loaded onto a protein-immobilized sensor chip, and their binding affinities were analyzed. Immobilizing the protein on a CM5 sensor chip via an anti-His-tag antibody was the only strategy that clearly detected the kinetic parameters of the interactions. ∆NEO-III-14U, one of the deletion variants of the NS3 aptamer, had the highest binding affinity for the ∆NS3 protein in this study (K D = 4 × 10 -8 ). Moreover, the 29-amino-acid spacer fragment was essential for protein immobilization using this strategy. This novel method will be useful in comparing the affinity of various RNA aptamers and selecting the most suitable candidates for a given target, as well as facilitating the in vitro selection procedure itself. (Journal of Biomolecular Screening 2006:599-605) 
INTRODUCTION
A PTAMERS ARE FUNCTIONAL OLIGONUCLEOTIDES that can be isolated from a randomized pool using an in vitro selection procedure, which is also known as the systematic evolution of ligands by exponential enrichment (SELEX) technique. [1] [2] [3] Each aptamer binds to a defined target with high affinity and specificity, in a manner that is conceptually similar to the action of antibodies. Since the development of the SELEX procedure, aptamers have been successfully identified against numerous types of targets, including aromatic ligands, [4] [5] [6] [7] oligosaccharides, 8, 9 oligonucleotides, 10, 11 amino acids, 12, 13 peptides, 14, 15 and proteins. [16] [17] [18] [19] Aptamers have also received considerable attention due to their potential use as unique tools in medical diagnostics and therapeutics. 20 However, some critical issues remain to be addressed before aptamers can be widely applied.
One such problem is how to compare the affinities of various RNA aptamers for the same target and select the most useful candidate during the SELEX procedure. In addition, this process must take into consideration whether the aptamer is capable of achieving high-affinity interactions in an aqueous solution.
Both surface plasmon-resonance (SPR) analysis using a Biacore biosensor and kinetic exclusion assay are well-known powerful tools for characterizing biomolecular interactions in detail. [21] [22] [23] [24] [25] Although electrophoretic mobility-shift and filterbinding assays have been used previously, they have provided only relatively simple and restricted information. Biomolecular interactions, especially RNA-protein interactions, are dynamic and complicated processes; thus, to obtain a more complete understanding of the relationships between RNA aptamers and target proteins, rate constants (k on and k off ) as well as binding affinities (K D ) of their interactions must be measured using real-time kinetic analysis. The aptamer-immobilization approach, in which a biotinylated RNA aptamer is immobilized onto a streptavidin-coated sensor chip, is now widely used to detect and analyze aptamer-protein interactions. 21, 22 By contrast, the target protein-immobilization approach has been relatively poorly studied. 23, 24 Yet the latter shows greater potential for use in a wide range of applications, as it allows the affinity of various RNA aptamers to be compared and the most suitable candidate to be selected.
We previously obtained RNA aptamers specific to the NS3 protease domain (∆NS3; amino acids 1027-1218) of the hepatitis C virus (HCV) using the SELEX method. 19 These NS3 RNA aptamers (G9-I, G9-II, and G9-III) bound specifically to the NS3 protease domain and strongly inhibited NS3 protease activity. Furthermore, alanine-scanning mutagenesis of the NS3 protease domain revealed an aptamer-binding site 21 that corresponded to an exosite of the NS3 protease. 21, 26 Here, we designed a novel technique for immobilizing target proteins for protein-aptamer interaction studies on the surface of sensor chips using SPR technology and examined whether this could be used as a specific tool for analyzing RNA aptamer-protein interactions.
MATERIALS AND METHODS

Preparation of NS3 RNA aptamers
Deletion variants of G9-I (∆NEO-III, ∆NEO-III-14U and 49N3; Fig. 1 ) were constructed by PCR mutagenesis with substituted (+) and/or (-) primers and G9-I as templates, as reported previously, 27 using in vitro transcription with T7 RNA polymerase (T7 Ampliscribe Kit; Epicentre Technologies, Madison, WI). RNA aptamers were purified by electrophoresis on an 8% polyacrylamide gel containing 7 M urea.
Preparation of HCV NS3 proteins and examination of their activities
The ∆NS3 protein, which consists of the protease domain of nonstructural protein 3 (amino acids 1027-1218 of HCV), 6 histidine residues (His-tag), and a spacer fragment (29 amino acids located between the His-tag and the amino [N]-terminus of the protease domain), was prepared as described previously. 29 A novel spacer NS3 protein, which contained the spacer fragment of the ∆NS3 protein along with the protease and helicase domains (amino acids 1027-1647 of HCV) of the NS3 protein, was also constructed. After purification by Ni-NTA affinity chromatography (HisTrap Kit™; Amersham Biosciences, Piscataway, NJ), the protein concentration was determined using a Bradford assay (BioRad, Hercules, CA) with bovine serum albumin as a standard.
The protease activities of the ∆NS3, NS3, and spacer NS3 proteins were tested using the method reported previously. 30 A dansyllabeled peptide substrate (86 µM) was added to a premixture of the protein (0.75 µM) and the NS4A peptide (7.9 µM). The reaction mixture (25 µl) was incubated at 25° C for 45 min, and the products were analyzed using reverse-phase high-performance liquid 
Secondary structures of NS3 RNA aptamers (G9-I, G9-II, and G9-III) and deletion variants of G9-I (∆NEO-III, 49N3, and ∆NEO-III-14U). The secondary structures were calculated and predicted using the Mulfold program. 28 Bold and open letters indicate the randomized portions that were subjected to in vitro selection. Interestingly, these aptamers had a consensus sequence, GA(A/U)UGGGAC (indicated by shadowed letters), and a conserved loop structure. This suggests that the consensus sequence might be most important for the interaction with ∆NS3.
chromatography. All of the NS3 proteins that were used in this report cleaved the substrate with more than 80% efficiency in the presence of the NS4A peptide (data not shown).
Binding and kinetic analyses of aptamer-protein interactions using SPR technology
SPR analysis was performed at 25° C using the Biacore 2000 system and 3 sensor chips: NTA, SA, and CM5. All of the procedures used for the immobilization of NS3 proteins followed the manufacturers' instructions. Only the procedure used for the CM5 sensor chip is described in detail here. To activate the dextran surface of the CM5 sensor chip, a mixture of 0.05 M N-hydroxysuccinimide and 0.2 M 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride at a ratio of 1:1 was injected at a flow rate of 5 µl/min for 8 min in a running buffer comprising 50 mM Tris-HCl (pH 7.8), 60 mM NaCl, 5 mM CaCl 2 , and 0.005% surfactant P20. The anti-HisG antibody (50 µg/ml; Invitrogen, Carlsbad, CA), which recognizes the aminoacid sequence -His-His-His-His-His-His-Gly-, in 10 mM Naacetate (pH 5.0) was bound to the activated surface of the sensor chip at a flow rate of 5 µl/min for 10 min. To deactivate excess reactive groups on the surface of the sensor chip, 1 M ethanolamine hydrochloride-NaOH (pH 8.5) was injected at a flow rate of 5 µl/min for 8 min. To remove any non-covalently bound material, 10 mM glycine-HCl (pH 1.8) was injected at a flow rate of 5 µl/min for 3 min. His-tagged proteins (2 µM) were bound to the surface of an antibody-coated sensor chip at a flow rate of 2 µl/min for 30 min in the running buffer.
For the kinetic analysis, anti-NS3 RNA aptamers (G9-I, G9-II, and G9-III) and deletion variants of G9-I (∆NEO-III, 49N3, and ∆NEO-III-14U; Fig. 1 ) were loaded at each indicated concentration (i.e., 50, 100, 200, 400, and 800 nM) onto the proteinimmobilized surface of a sensor chip at a flow rate of 10 µl/min for 3 min in the association phase. The running buffer was then injected at the same flow rate for 3 min in the dissociation phase. Bound aptamers were washed 5 times with 15 µl of regeneration buffer containing 50 mM Tris-HCl (pH 7.8), 1 M NaCl, and 0.005% surfactant P20, ready for use in the next analysis. A flow cell bound with anti-HisG antibody alone was used as a reference. The response data were analyzed with the BIAevaluation program version 3.2. A Langmuir binding model with a stoichiometry of 1:1 was used to analyze the association rate constant, k on , and the dissociation rate constant, k off (M -1 s -1 and s -1 , respectively). The dissociation constant, K D , was also determined as the ratio of k off and k on as follows: K D = k off /k on .
RESULTS
Strategies to immobilize proteins on the surface of sensor chips
Several different methods were designed to immobilize proteins on the surfaces of the sensor chips using SPR technology, and their capacities to detect RNA aptamer-protein interactions were compared (Fig. 2) . The 1st method involved the NTA sensor chip, which captures His-tagged ligands via metal chelation as its surface is preimmobilized with nitrilotriacetic acid (Fig. 2Ai) . The recombinant protein, ∆NS3, contained a metalbinding domain consisting of 6 histidine residues at its N-terminus. However, even when a certain amount of ∆NS3 (up to 500 nM) was injected onto the surface of the NTA sensor chip, no response was detected on the sensorgram (Fig. 2Aii) . The binding strength of the NTA sensor chip thus appeared to be insufficient to immobilize the ∆NS3 protein on its surface.
The 2nd method immobilized the ∆NS3 protein on the SA sensor chip via a biotinylated anti-HisG antibody (Fig. 2Bi) . The SA sensor chip has a carboxymethylated dextran matrix that is preimmobilized with streptavidin. It is used for capturing biotinylated ligands such as peptides, proteins, and DNA. However, even when a certain amount of NS3 RNA aptamers (up to 800 nM) was injected onto the ∆NS3-immobilized surface of the sensor chip, no significant change in response units was detected on the sensorgram (Fig. 2Bii) . Thus, the quantities of biotinylated antibody and ∆NS3 protein used for the immobilization procedures appeared to be insufficient to detect changes caused by the aptamer.
The 3rd method, which employed the CM5 sensor chip, successfully generates the kinetic data (Fig. 2Ci) . The CM5 sensor chip has a multipurpose carboxymethylated dextran surface that enables it to covalently couple to amine, thiol, aldehyde, or carboxyl groups, which makes it the most versatile chip available: Various kinds of molecules can be immobilized directly on the surface of this chip, and especially, 2.5 µg of anti-HisG antibody was used for preimmobilization in this method. The ∆NS3 protein was immobilized onto the chip via the preimmobilized anti-HisG antibody. NS3 RNA aptamers and deletion variants of G9-I were then loaded onto the ∆NS3-immobilized surface of the sensor chip, and their binding affinities for the ∆NS3 protein were measured. To examine the binding specificity of the ∆NS3-immobilized sensor chip in this strategy, the same amount of ∆NS3 mutant protein, 2 µM of R161A, 21 was used for the immobilization under the conditions described above. No changes were detected on the sensorgram in this case (Fig. 2Cii) .
Comparison of the binding affinity of NS3 RNA aptamers and deletion variants of G9-I
NS3 RNA aptamers (G9-I, G9-II, and G9-III) and deletion variants of G9-I (∆NEO-III, 49N3, and ∆NEO-III-14U; Fig. 1 ) in the running buffer were passed over the ∆NS3 proteinimmobilized surface. The resultant biomolecular interactions on the sensor surface were detected and quantified. Two flow cells were routinely used in the detection mode, one of which lacked the bound ∆NS3 protein and served as a negative control. The difference in resonance units (RU) between the 2 flow Analyzing RNA Aptamer-Protein Interactions Hwang, Nishikawa  FIG. 2. Strategies for immobilizing the ∆NS3 protein on a sensor chip. Several novel approaches were designed to immobilize proteins on the surface of NTA, SA, and CM5 sensor chips using surface plasmon-resonance technology. Their abilities to detect RNA-protein interactions were also examined. Only the method shown in C, which used the CM5 sensor chip, generates the kinetic data successfully. cells was calculated automatically by Biacore 2000 software (version 3.2). An injection of regeneration buffer effectively removed the previously bound aptamers at the end of each sensorgram run without any significant effect on the ∆NS3immobilized surface.
The ∆NEO-III-14U binding sensorgrams are shown in Figure 3 . The k on , k off , and K D values are listed in Table 1 , which highlights the differences in the binding kinetics between different aptamers to the ∆NS3 protein. Although the 49N3 variant showed higher K D values than those of the wildtype G9-I, the ∆NEO-III variant did not differ significantly from the NS3 aptamers (G9-I, G9-II, and G9-III) in terms of their kinetic parameters ( Table 1) . It means that a 52nucleotide ∆NEO-III was the smallest G9-I sequence that could act as a specific inhibitor of ∆NS3. This result was consistent with our previous studies, 19, 27 which showed that mutations and deletions in stem-loop II did not interfere with either the binding or the inhibition of the ∆NS3 protein. Furthermore, the G(2)-C(63) base pair of G9-I was shown to be essential for its structure and function as an inhibitor, as well as mediating the interaction between stem I and stem-loop III. ∆NEO-III-14U had the highest binding affinity for the ∆NS3 protein in the current study. This suggests that the 14-mer uracil tail confers both structural stability and protein-binding affinity on the aptamer.
Application of the protein-immobilization strategy to the analysis of RNA-protein interactions
The new protein-immobilization method (Fig. 2C) that used the CM chip through anti-HisG antibody was also applied to the full-length NS3 protein, including both the protease and helicase domains (amino acids 1027-1647). A novel spacer NS3 protein was constructed by adding the 29-amino-acid spacer fragment of ∆NS3 to the NS3 protein, between the histidine-tagged region and the N-terminus. Figures 4A and 4B clearly illustrate the effect of the spacer fragment. Even when a certain amount of NS3 protein (1 µM) was injected onto the anti-HisG-antibody-coated surface of the CM5 sensor chip, no change of RU was detected on the sensorgram (Fig. 4A) . By contrast, the spacer NS3 protein could be successfully immobilized onto the antibody-coated sensor chip in a concentrationdependent manner (Fig. 4B) . This result suggests that the spacer fragment is essential to the protein-immobilization approach.
DISCUSSION
Our novel strategy successfully analyzed the interactions between RNA aptamers and target proteins using an SPR system. The target protein can be immobilized onto this chip via only 2.5 µg of anti-HisG antibody, and the 29-amino-acid spacer fragment was essential for protein immobilization in our strategy (Fig. 4) . When 0.3 µg of ∆NS3 protein have been immobilized completely, the response unit was up to 2000 RU. The k on and k off values were calculated by nonlinear fit of the primary sensorgram data using the BIAevaluation 3.2 software. The association between aptamers and surface-attached model receptors can be regarded as a 1st-order process, as described by the Binding kinetics of ∆NEO-III-14U against the ∆NS3 protein. Two flow cells were routinely used in the detection mode, one of which lacked bound ∆NS3 protein as a negative control. All binding sensorgrams clearly showed the affinity of aptamers to the ∆NS3 protein, although only the binding sensorgrams of ∆NEO-III-14U are shown here (χ 2 = 0.275). ∆NEO-III-14U at each indicated concentration (i.e., 50, 100, 200, 400, and 800 nM) was loaded onto the proteinimmobilized surface of the CM5 sensor chip at a flow rate of 10 µl/min. After 3 min of the association phase, the running buffer was injected at the same flow rate for 3 min in the dissociation phase.
Analyzing RNA Aptamer-Protein Interactions
RNA aptamers were loaded at 5 each nanomolar concentration onto the protein-immobilized surface of a sensor chip for 6 min in both the association phase and dissociation phase, and the response unit was up to 10 to 70 RU. Less than an hour is required to obtain kinetic constants for each aptamer in our strategy.
The RNA aptamers and their deletion variants were loaded onto a protein-immobilized sensor chip, and their kinetic parameters were obtained and compared. The binding sensorgram clearly showed the k on , k off , and K D values, which were sufficient to explain the differences in the binding kinetics of the aptamers to the proteins ( Fig. 3 and Table 1 ). The 52-nt ∆NEO-III fragment was the smallest viable sequence of the NS3 RNA aptamers. ∆NEO-III-14U had the highest binding affinity to the ∆NS3 protein of the aptamers tested. ∆NEO-III-14U was constructed by adding 14 uracil residues to the 3′-end of ∆NEO-III in an attempt to inhibit both the helicase and protease activities of NS3 by 1 aptamer in a previous study. 31 The result that ∆NEO-III-14U bound to the ∆NS3 protein with a higher affinity than ∆NEO-III suggests that 14-mer uracil residues contribute structural stability as well as helicase inhibition to the aptamer.
Recently, aptamers have begun to be applied as unique tools in medical diagnostics and therapeutics. One such developing field involves the use of aptamer-based biosensor arrays. 32 Although DNA microarray chips can analyze gene expression and transcription levels, the actual protein levels remain unknown. This is because mRNA levels do not always accurately reflect the corresponding protein levels, and posttranslational modifications can obscure the behavior of the active forms of proteins. Thus, there is a clear requirement for a new array system in the rapidly growing field of proteomics research, for detecting and quantifying the levels of individual intracellular proteins in real time. Aptamers could function as efficient biosensors in a novel array system, as they have high affinities and specificities for their target molecules and can be easily loaded onto the surface of an array using similar methods to those developed for DNA microarray chips. One difficulty in using aptamers for medical application is selecting the most useful candidate from numerous aptamers isolated for a target molecule. The results of the current study suggest that our novel method of using the SPR system is capable of comparing the affinity of various RNA aptamers at nanomolar concentration and selecting the most suitable candidate for a given target . 4 . Application of the protein-immobilization strategy with other proteins. We applied 2 protein-immobilization methods to the full-length NS3 protein without (A) and with the 29-amino-acid spacer fragment, namely, spacer NS3 protein (B). The numbers represent the following steps: 1) activation of the CM5 sensor chip with N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC), 2) fixation of anti-His-tag antibody, 3) deactivation of excess reactive groups by ethanolamine hydrochloride-NaOH, 4) removal of noncovalent bindings by glycine-HCl, and 5) immobilization of sample protein.
